Infection with the parasite Toxoplasma gondii stimulates an innate immune response in the host. T. gondii also induces alterations in infected monocytes and dendritic cells that probably contribute to its ability to disseminate and ultimately to establish persistent infection. Recent progress has linked specific parasite molecules to immune stimulation or the ability of the parasite to subvert intracellular signaling pathways in infected cells to evade immunity.
Toxoplasma gondii and innate immunity
Immunity to T. gondii is dependent on interferon-gamma (IFN-g) induced by interleukin (IL)-12 production by a variety of cell types and cell-mediated immunity. IL-10 is also important in regulation of the immune response. As an intracellular pathogen, T. gondii has mechanisms to interfere with host signaling pathways to subvert innate immunity [1, 2] . T. gondii has proved to be a model system to study host immunity to intracellular parasites; however, parasite molecules that stimulate or manipulate immune responses are largely unknown. Only recently have studies begun to link specific T. gondii molecules to effects on host cell function (Table 1; Figure 1 ).
Cytokine production via Toll-like receptors
Innate immunity is elicited by diverse pathogen-associated molecular patterns (PAMPs) stimulating host pattern recognition receptors including the family of Toll-like receptors (TLRs). TLR engagement triggers intracellular signaling cascades via the common adapter myeloid differentiation factor 88 (MyD88) with the exception of TLR3. The discovery that MyD88-deficient mice, but not IL-1 or IL-18 that also signal through MyD88, are unable to control T. gondii infection due to an impaired IL-12 and IFNg response indicates that TLRs must recognize T. gondii molecules to initiate effective immunity. Mice deficient in individual TLRs, including TLR2, 4 and 11, are only modestly more susceptible to T. gondii infection when compared with wild type mice [2] . This indicates that a number of diverse TLRs and PAMPs probably contribute to the importance of MyD88-dependent immune stimulation. T. gondii profilin promotes parasite actin assembly, contributes to gliding motility, invasion and egress, and is a PAMP for TLR11 [2, 3] . Mice that lack TLR11 have a decreased IL-12 response to purified profilin and are slightly more susceptible to T. gondii. Profilin is relatively conserved in Apicomplexa, but Plasmodium profilin is, at most, a weak inducer of TLR11. It is important to note that TLR11 is not functionally expressed in humans [2] . Glycosylphosphatidylinositol (GPI)-anchored proteins on the surface of T. gondii trigger TNF-a production from macrophages in a TLR2/TLR4/ MyD88-dependent manner [4] similar to GPIs from Trypanosoma cruzi and Plasmodium falciparum [2] .
MyD88 signaling is clearly important to induce a rapid anti-Toxoplasma response required to survive parasite challenge, but a strong Th1-based immunity to the parasite can be induced by a vaccine strain of the parasite independent of MyD88 [5] . MyD88 dependency can vary based on the parasite genotype and the cell type infected [2] . Parasite molecules that are responsible for stimulation of the host immune system during infection might depend on a multitude of factors [5, 6] . Different responses can be elicited by the parasite molecules based on the type of inflammatory cells recruited, degree of parasite invasion and replication, and number of parasites degraded or phagocytosed.
Cytokine production via Cys-Cys chemokine receptor CCR5 T. gondii also stimulates IL-12 production from dendritic cells (DCs) via host CCR5, a transmembrane receptor expressed by multiple cell types including DCs that transmit signals through G i -like proteins [1, 7] . CCR5-deficient mice produce less IL-12 and IFN-g, and have an increased susceptibility to T. gondii infection. However, the impaired immune response of CCR5-deficient mice is probably a combination of impaired production of DC IL-12 and loss of CCR5-mediated recruitment of natural killer (NK) cells to sites of T. gondii infection independent of CCR5 effects on IL-12 [8] . T. gondii cyclophilin C-18 is a secreted peptidylprolyl isomerase that binds CCR5 and stimulates DC IL-12 production. Purified C-18 causes a partial IL-12 response in DCs, indicating that additional factors might be required for optimal IL-12 production. Host lipoxin A 4 (LXA 4 ) acts via CCR5 to suppress IL-12 production by DCs during T. gondii infection to dampen inflammation. T. gondii lacks an endogenous substrate for lipoxygenase but it produces a lipoxygenase that generates LXA 4 in the presence of exogenous arachidonic acid, suggesting that the primary purpose of this molecule might be immune regulation [7] .
Inhibition of host cell signaling cascades T. gondii has developed numerous techniques to modulate its host cell [9, 10] . It blocks apoptosis of infected cells, interferes with the function of host cell transcription factors including STAT1 and NF-kB, and inhibits production of inflammatory cytokines including TNF-a and IL-12. Conversely, T. gondii increases the activity of other transcription factors including STAT3/6, hypoxia inducible factor (HIF-1) and early growth response 2 (EGR2). Activation of STAT3 and EGR2 require viable parasites, whereas induction of HIF-1 is due to a short-lived diffusible product, suggesting that multiple mechanisms operate to alter host cell transcription. T. gondii interferes with phosphorylation and acetylation of histone H3 to prevent chromatin remodeling surrounding the TNF-a promoter following TLR stimulation to inhibit TNF-a production from infected cells [11] . Parasite molecules that directly or indirectly target histone modification at inducible promoters could provide an explanation for widespread suppressive effects of the parasite on proinflammatory gene transcription in response to lipopolysaccharide and other stimuli.
Parasite inhibition of STAT1 underlies the ability of the parasite to downregulate surface major histocompatibility complex (MHC) class II on infected cells [12] . IFN-g regulates many downstream effector proteins through the transcription factor STAT1 including increased expression of p47 GTPases, inducible nitric oxide synthase (iNOS), and surface MHC class I and class II [13, 14] . Consequently, inhibition of STAT1-signaling might contribute to the ability of T. gondii to survive in host cells during infection. The parasite products responsible for inhibition of STAT1 are unknown. Viable parasites and lysates, but not heat-killed parasites, induce downregulation of MHC class II, but their mechanisms might differ as they affect different IFN-g responsive promoters downstream of STAT1 [15] . Debierre-Grockiego et al. [16] tested the hypothesis that parasite GPI-anchored proteins contribute to T. gondii downregulation of surface MHC class II. Co-culture of bone marrow-derived macrophages with GPIs slightly increased expression of MHC class I and class II as well as enhancing antigen presentation to CD8 T-cells [16] . These results suggest that T. gondii downregulation of surface MHC class I and class II is not dependent on parasite GPIs, unless their activity on the The T. gondii molecule (first column) is followed by its host target (second column). The primary effect observed in the host (in vivo and/or in vitro) as a result of the T. gondii molecule is summarized in column 3 and the references for the corresponding study are given in column 4. intact parasite is markedly different than the purified molecules.
Effect of parasite genotype on infection and host cell signaling T. gondii has a largely clonal population structure which in Europe and North America consists largely of three genotypic lineages, each with distinct properties in terms of virulence and effects on host cell signaling [17] . Type I is distinct in its pronounced virulence in mice during the acute stage of infection. Types II and III are relatively less virulent and readily establish chronic infections [18] . Type II, but not types I or III, strains induce murine macrophages to produce high levels of IL-12 [19] . Genetic crosses to map loci crucial for strain specific differences in T. gondii virulence and host cell signaling identified two rhoptry kinases, ROP16 and 18. The proteins are secreted during parasite invasion and mediate key functional differences between the genotypes [20] [21] [22] [23] . Whereas types I, II and III parasites all induce rapid phosphorylation of STAT3/6 (1 h post-infection) [21, 24] , only types I and III maintain STAT3/6 activation 18 h later [21] . The strain-specific difference in maintaining STAT3/6 activation is dependent on T. gondii ROP16, which traffics to the host cell nucleus after secretion by the parasite rhoptries during invasion. Types I and III, but not type II, isoforms of the ROP16 kinase induce activation of STAT3/6 and suppress IL-12 production from macrophages. Expression of type II ROP16 in a type I strain resulting in a decrease in STAT3/6 activation and an increase in IL-12 production. Although the key difference between the two ROP16 alleles and the target are unknown, their expression level, secretion and nuclear localization are similar [21] . ROP18 is expressed in type I and most type II strains but is poorly expressed in type III strains. Increased expression of ROP18 correlates strongly with virulence [20, 22, 23] . Expression of type I or type II ROP18 allele in a type III strain increased virulence in mice [20, 23] . ROP18 is a confirmed serine threonine kinase that localizes to the parasitophorous vacuole membrane (PVM), where it could interact with proteins in the host cell cytosol [23, 25] .
Concluding remarks and future directions T. gondii extensively modifies its host cell environment, including affecting diverse signaling cascades to disseminate and establish a chronic infection. Secreted products from specialized secretory organelles of T. gondii (micronemes, rhoptries and dense granules) probably mediate many effects on host cell signaling pathways. To date, parasite products identified that affect host cell function and traffic to the host cell nucleus or the PVM are largely rhoptry proteins secreted during parasite invasion. It is possible that other rhoptry secreted kinases and kinaselike proteins, of which more than 70 are predicted in the genome, also have effects on host cell functions. It will be interesting to determine whether other parasite molecules are required post-invasion to maintain host cell changes or whether the affects are permanently established during parasite invasion. As parasite molecules are identified that interface with the host cell, a key challenge will be dissecting their function, as many predicted genes of the parasite have little homology to guide investigators. In this regard, forward genetics can continue to be a fruitful avenue for linking parasite effects on host cells to parasite molecules. Although progress is being made, many questions remain (Box 1). Apical membrane antigen 1 (AMA1) plays an essential role in host cell invasion by apicomplexan parasites. A recent study by Collins et al. investigated the mode of action of an anti-AMA1 invasion-inhibitory antibody. They demonstrated the interference of this antibody with invasion complex formation, which was dependent in turn on a single conserved tyrosine residue in AMA1. Their findings reveal important new insights into parasite biology and are highly relevant for rational vaccine design.
Active host cell invasion by apicomplexan parasites Two fundamentally different pathways exist by which intracellular pathogens enter their host cells: (i) passive uptake or (ii) active invasion. Active invasion is used by obligate intracellular parasites of the phylum Apicomplexa and has been studied in detail in Plasmodium and Toxoplasma gondii. The overall strategy of cell invasion by apicomplexan parasites is mediated by a succession of conserved and highly specialized molecular events. In preparation for parasite entry, several functionally diverse proteins are stored in apical organelles called micronemes, rhoptries, dense granules and exonemes. Processing and secretion of these factors occurs in a timely and spatially coordinated manner to facilitate parasite release, interaction with host cell receptors, molecular motor-driven active invasion and formation of the parasitophorous vacuole in which parasites reside after invasion (reviewed in Refs. [1, 2] ). In P. falciparum, after parasite egress from the infected red blood cell, the extracellular merozoites can complete invasion into new red blood cells within less than a minute. Indeed, it is not surprising that evolution boosted the invasion process to become highly efficient and speedy, as surface antigens at this stage are particularly prone to immune attack.
Apical membrane antigen 1 (AMA1), a type 1 transmembrane protein unique to apicomplexans, represents one of the best-studied invasion proteins in Plasmodium (reviewed in Ref. [3] ). The continuing interest in understanding the role of PfAMA1 in parasite biology and acquired immunity was started by three key observations, which placed PfAMA1 at the top of a list of promising vaccine candidates. First, anti-PfAMA1 antibodies inhibit both merozoite and sporozoite invasion [4, 5] . Second, vaccination with PfAMA1 can protect against blood-stage challenge (see Ref. [3] and references therein). Third, AMA1 plays an essential role in the invasion process and thus in the survival of the parasite [6] [7] [8] . Despite decades of intensive research, however, our understanding of the precise role of PfAMA1 in invasion and the mode of action of anti-PfAMA1 invasion-inhibitory antibodies is 
